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Abstract 
High frequency anodising of Al-TiO2 surface composites using pulse reverse pulse technique was 
investigated with an aim to understand the effect of the anodising parameters on the optical 
appearance, microstructure, hardness and growth rate of the anodic layer. Friction stir processing 
was employed to prepare the Al-TiO2 surface composites, which were anodised in a 20 wt.% 
sulphuric acid bath at 10 °C as a function of pulse frequency, pulse duty cycle, and anodic cycle 
voltage amplitudes. The optical appearance of the films was characterized and quantified using an 
integrating sphere-spectrometer setup, which measures the total and diffuse reflectance from the 
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surface. The change in optical reflectance spectra from the anodised layer was correlated to the 
applied anodising parameters and microstructure of the anodic layer as well as the Al-TiO2 
substrate. Change in hardness of the anodised layer was also measured as a function of various 
anodising parameters. Anodic film growth, hardness, and total reflectance of the surface were found 
to be highly dependent on the anodising frequency and the anodic cycle potential. Longer exposure 
times to the anodising electrolyte at lower growth rates resulted in lowering of the reflectance due to 
TiO2 particle degradation and low hardness due to increased dissolution of the anodised layer 
during the process. 
Keywords: High Frequency Anodising; Aluminum-TiO2 Surface Composite; Microstructure; 
Hardness; Reflectance; TEM. 
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
3 
 
1. Introduction 
 Anodising of aluminium is widely used in different fields of industry for corrosion 
protection, wear resistance, and appealing decorative/cosmetic appearances [1][2]. Decorative 
anodised surfaces are commonly produced by direct current (DC) anodising of aluminium in a 
sulphuric acid bath [3]. The resulting anodic alumina layers are usually transparent to the visible 
light; however, their optical appearance depends on the anodising parameters as well as on the 
composition and surface morphology of the specimen being anodised [4][5]. White appearing 
anodised Al surfaces have found applications in the aerospace industry for their high solar 
reflectance [6][7]. Gudla et.al [8] have shown that different kinds of light-grey to white appearance 
can be obtained by introducing the metal oxide particles into the Al matrix and further anodising the 
Al-metal oxide surface composite. The reflectance values obtained were highly dependent on the 
microstructural aspects of the anodic layer resulting from the differences in anodising 
parameters[9]. It was shown that the presence of un-anodised Al in the anodic alumina matrix can 
result in absorption of light resulting in reduced reflectance from the anodised surfaces 
[10][11][12]. 
 Recently high-frequency anodising of cast Al-Si alloys containing primary Si phases was 
reported [13]. The microstructure of the obtained porous anodic films is different compared to the 
anodic layers produced by conventional DC anodising [14]. In particular, the high frequency 
anodising was accompanied by branching of the anodic pores and effective oxidation of the Al 
below the primary Si phases [15]. Applying the technique of high frequency anodising to Al-TiO2 
surface composites is expected to completely oxidize the Al phase (which absorbs light in anodic 
layer) surrounding the TiO2 particles and improve the reflectance of the resulting anodised surfaces.  
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 Friction stir processing (FSP) [16][17] is a rapid solid state processing technique, which has 
been extensively used for preparation of various types of surface composites. The objective of the 
present work is to study the high frequency anodising of FSP surface composites of Al-TiO2 and to 
determine the effect of the anodising parameters on the growth behaviour, surface reflectance, 
microstructure, and hardness of the anodic films. The TiO2 particles were used to prepare the Al-
TiO2 surface composites via friction stir processing.  Rutile form of TiO2 was chosen for its high 
refractive index compared to the anodic alumina [18]. Average particle size of 210 nm was chosen 
for optimum scattering efficiency [19]. Integrating sphere setup was used for characterising the 
surface reflectance and high resolution SEM and TEM were employed to observe the anodised 
layers structure. 
2. Experimental 
2.1 Composites and Surface Preparation 
 Aluminium substrates with dimensions of 200 x 60 x 6 mm were obtained in rolled 
condition and commercial powders of TiO2 (Ti-Pure, DuPont R900, Rutile, D50= 210 nm) were 
used. The Friction stir processing (FSP) was performed using a Hermle milling machine equipped 
with a steel tool having 20 mm shoulder diameter, 1.5 mm pin length with a M6 thread, and three 
flats. The TiO2 powder is placed in grooves and the friction stir process distributes it in the 
aluminium surface. The friction stir processing resulted in a Al-TiO2 surface composite with 
approx. 2.3 wt.% TiO2, more details are presented elsewhere [9]. The processed surface composites 
were initially subjected to rough grinding using an abrasive wheel to remove the flash formed 
during the FSP process. This was followed by polishing using an abrasive alumina paste of different 
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size grades (finest size of the abrasive in the last step was 1 µm). The surfaces were then fine 
polished to a mirror finish using a soft polishing disc. The polished surfaces were subsequently 
degreased in a mild alkaline solution (30 g/l, Alficlean™, Alufinish, Germany). Desmutting was 
performed by immersing in a 100 g/l HNO3 solution followed by demineralised water rinsing. 
Finally the samples were cleaned by ultra-sonication in acetone for 15 min and dried in air flow. 
2.2 High Frequency Anodising 
Figure 1 
 The FSP surface composites were then anodised in a 20 wt.% sulphuric acid bath 
maintained at 10 °C. Anodising was performed by applying square voltage pulses from a function 
generator (33120A, Agilent) as shown in Figure 1. The waveforms of voltage and current during the 
anodising were monitored with the help of a digital oscilloscope (TDS3034B, Tektronix). The 
anodised area was approximately 2 cm
2
. The potential at the cathodic cycle was -2 V (low voltage 
cycle, V2), while the potential during the anodic cycle was either +10 V or +20 V (high voltage 
cycle, V1). The pulse frequency was varied between 0.1 kHz and 10 kHz. The duty cycle (i.e. the 
ratio between the anodic cycle duration, t1 and the time interval between two subsequent pulses, t1 + 
t2 was 30 %, 50 % or 70 %. The total anodising time was varied for each set of anodising 
parameters in order to achieve an anodic layer thickness of approx. 12 µm. The thickness of the 
obtained anodic layers was measured using a capacitance probe (Omniprobe, Fischer) with a 
precision of 1 µm. 
2.3 Optical Appearance 
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
6 
 
 Surface appearance of the FSP surface composites after anodising was analysed using an 
integrating sphere-spectrometer setup. The samples were illuminated with white light from a 
deuterium tungsten halogen light source (DH-2000, Ocean Optics). Reflected light from the 
samples was collected using an integrating sphere and analysed for diffuse and total reflectance 
with a fibre optic spectrometer (QE65000, Ocean Optics) in the wavelength range from 300 nm to 
750 nm. The spectrometer was calibrated using NIST standards. 
2.4 Microstructural Characterization 
 The microstructure and surface morphology of the obtained anodic layers were studied using 
SEM (Quanta 200 ESEM FEG, FEI) having EDS capability (80 mm
2
 X-Max silicon drift detector, 
Oxford Instruments). The SEM was typically operated at an acceleration voltage of 10 keV. For 
cross-sectional imaging, the samples were machined through thickness, mounted in an epoxy and 
mechanically polished. In order to minimize charging, the samples were coated by a 2-3 nm Au 
layer by magnetron sputtering (Cressington 208HR sputter coater). Transmission electron 
microscopy was employed to obtain high resolution images of the anodic layer cross-sections. A 
TEM (Tecnai G2 20), operating at 200 keV was used for generating bright field images. The sample 
lamella from the anodised surfaces were prepared using in-situ focused ion beam lift out and 
subsequent thinning using FIB-SEM (Helios Nanolab Dualbeam, FEI). The micro-Vickers hardness 
of the anodised surfaces was measured using a Future-Tech FM 700 micro-hardness tester with a 
load of 10 g – 25 g for 5 s. For each sample, a minimum of 20 measurements were performed to get 
a reliable average value. 
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3. Results and Discussion 
3.1 Rate of the anodic film growth 
 The growth of anodic films on FSP-treated surface composite layer was found to be strongly 
dependent on the anodising conditions, namely the anodic cycle potential and the pulse frequency. 
Figure 2 shows the effect of the anodic cycle potential, pulse frequency, and duty cycle on the rate 
of anodic film growth. Increasing the pulse frequency from 0.1 kHz to 10 kHz leads to a significant 
increase in the growth rate across all duty cycles (Figure 2 (a)). The growth rate increases rapidly up 
to a frequency of 2 kHz, while from 2 to 10 kHz the increase in the growth rate is less significant. 
Further, the anodic growth rate is high for higher anodic cycle potential values. When the anodic 
cycle voltage increases from +10 V to +20 V, the growth rate increases from 0.9 μm/min to 2.1 
μm/min at an anodising frequency of 2 kHz. On the other hand, changing the duty cycle does not 
show any notable effect on the growth rate (Figure 2 (b)) at lower anodic cycle potential values 
(+10 V). A mixed dependence on duty cycle is observed for higher anodic cycle potential values 
(+20 V). 
 Further, the rate of anodic film growth for high-frequency pulse reverse pulse anodising of 
FSP surface composites was found to be significantly higher than that for conventional DC 
anodising at the same value of anodic potential. For example, pulse reverse pulse anodising of the 
composite surfaces at 2 kHz and at an anodic potential of +10 V proceeds at a rate at least 2 times 
higher than DC anodising at  +10 V for pure Al [1][2].  Therefore, the high-frequency anodising can 
be advantageous for surface composites compared to the conventional DC anodising when thick 
anodic layer coatings are required. 
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Figure 2 
 Kanagaraj et al. [20] have reported that the thickness of the anodic layer increased for a 
given anodising time by increasing the pulse frequency from 0.01 Hz to 100 Hz. Similarly, 
increasing the duty cycle or the anodising current density also resulted in increased anodic layer 
thickness. This increase in anodic growth rate and better quality of anodic films was attributed to 
the amount of time allowed for the dissipation of heat, which is generated during anodising cycle. 
The optimum duty cycle for best anodic film properties on AA1100 was stated as 75 % - 80 %, but 
the corresponding pulse frequency was not reported [21]. Inferior properties measured on the anodic 
films obtained above this duty cycle level was attributed to the higher heat generated during longer 
anodic pulse cycle and subsequent lower „off‟ time that does not allow effective heat dissipation. 
However, a clear explanation and correlation between the heat dissipation and anodic film growth 
rate was not reported. Yokoyama et al. [22] in their initial studies on advantages of pulse anodising 
emphasize that the recovery effect (chemical dissolution of anodic oxide) during the low voltage 
cycle or the „off‟ cycle will enhance the rate of anodic film growth. However, the pulse frequencies 
in those studies were lower than 100 Hz. 
 In the current work, the positive effect of increasing pulse frequency on the anodising 
growth rate could signify the contribution of recovery effect and also the heat dissipation during the 
cathodic cycle. However, too low cathodic cycle period (50 μs at 10 kHz) will be insufficient for 
the recovery to take place due to negligible dissolution of the anodic oxide [23]. Therefore, the 
observed higher growth rates can be attributed to the lower heat generation during the short anodic 
cycle and the effective dissipation of this heat during the cathodic cycle. 
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 The weak dependence of anodic growth rate on the duty cycle at +10 V anodic cycle 
potential shows that the effect of „off‟ time or cathodic cycle time is minimal. One can speculate 
that the heat generated during the anodic cycle is effectively removed during the subsequent 
cathodic cycle for all duty cycles investigated. Also, the higher growth rates observed for higher 
anodic cycle potential values result in the observed differences in duty cycle dependence for +10 V 
and +20 V anodic cycle potential. However, additional investigations are necessary to fully 
elucidate the effect of high frequency pulse anodising of Al-TiO2 surface composites and the effect 
of duty cycle. 
3.2 Microstructure and Morphology 
 The representative microstructure and morphology of the anodic layers obtained after high 
frequency anodising using +10 V as anodic cycle potential is shown in Figure 3. The SEM-BSE 
images show that the particles are uniformly dispersed in the Al matrix and similarly are uniformly 
incorporated into the anodic layer after anodising. There is an observable difference in the contrast 
from the TiO2 particles at the top half of the anodised layer when compared to the bottom half close 
to the Al-TiO2 substrate interface (see Figure 3 (a)). Moreover, high magnification image in Figure 
3 (b) also shows a contrast within the TiO2 particles in the anodic layer. This difference in contrast 
in back scatter detection mode was shown to be due to localised transformation in the morphology 
of the individual TiO2 particles [9].  
Figure 3 
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 Bright field TEM images (see Figure 3 (c) and (d)) of the anodic layer cross sections show 
change in morphology of the TiO2 particles from crystalline to porous-amorphous phase, and hence 
they appear darker in the SEM-BSE images. In some cases, voids are present at TiO2 particle 
locations. A closer look shows an associated change in the structure of the anodic pores at the TiO2 
particle locations. Figure 3 (d) shows „pore branching‟ in the anodic layer and at the anodic layer-Al 
metal interfaces, and the anodic pores preferentially grow more inwards into the substrate. This 
could be due to the ease of access for the anodising electrolyte at the locations where TiO2 particles 
have changed their morphology. 
Figure 4 
 The structure of the anodic layers obtained after anodising with an anodic cycle potential of 
+20 V is shown in Figure 4. Features that were observed in Figure 3 for the + 10 V anodic cycle 
potential can also be seen here. The dark appearance of the TiO2 particles in this case extends 
throughout the anodic layer thickness (see Figure 4 (a)). Also, there is no difference in contrast 
within the TiO2 particles in the anodic layer (see Figure 4 (b)). Bright field TEM image confirms 
that the TiO2 particles are completely transformed in morphology to porous-amorphous phase 
(Figure 4 (c)), and also shows the presence of voids at TiO2 particle locations. High magnification 
image of the anodic layer-Al substrate interface shows a TiO2 particle situated at the interface 
showing porous nature for the region in the anodic layer and a remnant dense crystalline TiO2 in the 
Al substrate (see Figure 4 (d)). 
 Summarising the observations from Figure 3 and Figure 4, it is clear that the increase in 
anodic cycle potential from +10 V to + 20 V increases the fraction of structurally transformed TiO2 
particles from crystalline rutile phase to amorphous phase. The presence of voids at TiO2 particle 
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locations can be due to two factors: (i) the particles may have been completely transformed, i.e. 
dissolved, and subsequently lost into the anodising electrolyte, or (ii) they are loosely bound to the 
matrix so that it is lost during the mechanical preparation of the cross sections of the samples. 
However, from the reflectance spectra shown in Figure 6, at a wavelength of 300 nm - 350 nm, the 
absorption edge of TiO2 still exists for both the samples [24][25]. This implies that the surfaces 
generated at +10 V and at +20 V anodic cycle potentials contain incorporated TiO2 in the anodic 
layer, ruling out the loss of TiO2 into the anodising electrolyte under the anodising conditions. The 
pore branching observed at TiO2 particle locations is more severe in the case of +10 V than 
compared to +20 V. A detailed analysis of the generation of these microstructures and observed 
features in the morphology of the high frequency anodised FSP surface composite surfaces was 
recently reported by Gudla et al. [26]. The specific features of pore branching was explained to be 
due to the increased conductivity of the oxygen deficient TiO2 under the high frequency pulse 
reverse pulse conditions. This results in current localisation during the cathodic cycle at the particle 
locations leading to the localised pore branching. 
3.3 Reflectance measurements 
Figure 5 
 Optical reflectance of the anodised FSP composite surfaces was measured as a function of 
anodic layer thickness, anodic cycle potential, and pulse frequency. Figure 5 shows the effect of the 
anodic layer thickness on the optical reflectance. Overall the total and diffuse reflectance showed 
decreasing trend with increasing anodic layer thickness. This is expected since the light absorption 
increases with the thickness of the anodic oxide layer. At higher anodic layer thicknesses (approx. 
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
12 
 
23 µm and 36 µm), the reflectance values show a high dependence on the wavelength. The total and 
diffuse reflectance values observed are lower at lower wavelengths and gradually increase with 
increasing wavelength. However, the wavelength dependence is less pronounced at lower anodic 
layer thicknesses. 
Figure 6 
 The reflectance spectra in Figure 6 shows that the increasing potential in the anodic cycle 
from +10 V to +20 V (at 2 kHz frequency, 50 % duty cycle) leads to an increase in both the diffuse 
and total reflectance. The total reflectance of the samples in the visible range also increases 
monotonically with the increase in the pulse frequency from 0.1 kHz to 10 kHz (see Figure 7 (a)) 
for a given anodic layer thickness at +10 V anodic cycle potential. However, this dependence on 
anodising frequency is almost negligible when the anodic cycle potential is increased to +20 V (see 
Figure 7(b)) and the maximum reflectance observed is approx. 60 % (at 10 kHz frequency) for both 
the surfaces. The wavelength dependence of reflectance is less pronounced with increase in anodic 
cycle voltage or with increase in pulse frequency compared to results for thicker films (Figure 5).  
Although not shown here, duty cycle did not show significant effect on reflectance.   
Figure 7 
 The reflectance spectra of the high frequency anodised samples (see Figure 6) show 
increasing reflectance with increasing anodic cycle potential. The anodised layers contain light 
scattering TiO2 particles in either partially crystalline and/or completely amorphous phase as seen 
from the SEM and TEM images (see Figure 3and Figure 4). The refractive index for crystalline 
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phase TiO2 is higher than the amorphous phase and hence better light scattering is expected where 
partial crystallinity is still maintained for TiO2 particles in the anodic layer. This implies that better 
reflectance should be observed for samples anodised at +10 V compared to +20 V. As this is not the 
case, the lower reflectance for +10 V anodised surface might be arising from other factors such as 
the presence of light absorbing phases in the anodic layer. It has been previously reported that the 
presence of un-anodised metallic phases in the anodic layer leads to absorption of light and 
darkening of the anodised surfaces [11][12][27][28][29]. Anodising at low voltage results in a large 
fraction of incomplete anodising of Al leading to more pronounced absorption of light and lower 
reflectance values[9][10]. Also, for TiO2 containing DC anodised layers, anodising at lower 
potentials resulted in the formation of light absorbing Magneli phases in the incorporated TiO2[9]. 
However, in the present study no evidence of un-anodised Al was found during the microstructural 
investigations as shown in Figure 3 and Figure 4. 
 The thickness and frequency dependence of reflectance values (see Figure 5 and Figure 7) 
can also be explained by the formation of light absorbing Magneli phases in the incorporated TiO2. 
The anodising time for obtaining higher anodic layer thickness increases gradually with required 
thickness. This results in longer exposure of the TiO2 particles in the anodic layer to the sulphuric 
acid anodising electrolyte. It is known, both from the manufacturing of TiO2 and also from 
thermodynamic calculations [30] that TiO2 dissolves in sulphuric acid to form Titanyl Sulphate 
(TiOSO4(aq.)). Aqueous titanyl sulphate in the presence of reducing agents like Al, results in 
reduction of Ti
4+
 to Ti
3+
, showing a deep blue colour corresponding to light absorbing Magneli 
phases [31][32]. The higher reflectance values observed with increasing anodising frequency and 
increased anodic cycle potential can also be explained in a similar fashion due to the reduced 
anodising time for a given anodic layer thickness (see Figure 2 (a)). 
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3.4 Hardness measurements 
Figure 8 
 The micro-Vickers hardness values of the high frequency anodised surfaces (see Figure 8) 
show a decreasing trend with increasing anodic layer thickness. With increasing anodising 
frequency, the hardness values show an increase initially up to a frequency of 2 kHz, but appear to 
be slightly lower at 10 kHz for all duty cycles (Figure 9 (a)). The hardness values show a slightly 
increasing trend with increasing duty cycle for all the anodising frequencies investigated for +10 V 
and +20 V anodic cycle potential values (see Figure 9 (b)). The reduction in hardness with increase 
in thickness is due to the dissolution of the pore inner walls and subsequent weakening of the 
anodised layer formed in the initial stages of anodising [33]. Higher anodised layer thicknesses 
obtained by longer anodising times result in the „powdering‟ of the anodised layer due to chemical 
dissolution by the sulphuric acid electrolyte [34][35]. Similarly, higher anodising times required for 
obtaining a specific anodic layer thickness at lower anodising frequencies also result in lower 
mechanical hardness of the anodised surfaces. Increasing the duty cycle slightly improves the 
growth rate of the anodic films and reduces the „off‟ time that contributes to dissolution and 
mechanical weakening of the anodised surface. Thus higher mechanical hardness is expected at 
higher duty cycles. However, duty cycle values reaching DC conditions (approx. 80 % - 90 %) 
result in higher heat generation and lower heat dissipation causing increased dissolution due to 
temperature effects and hence lower the mechanical hardness [21]. 
 Overall, it was observed that the higher anodic cycle potentials give better growth rates for 
high frequency anodising of the Al-TiO2 surface composites. Similar behaviour is also observed 
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with increasing pulse frequency. Surface reflectance as well as hardness of the anodised surfaces 
also showed an improving trend with increasing the anodic cycle potential and pulse frequency. 
Figure 9 
4. Conclusions 
 High frequency pulse reverse pulse anodising was shown to be an effective technique for 
obtaining high reflectance anodised surfaces over FSP surface composites of Al-TiO2. 
 The growth rate of anodic layer increases with an increase in the anodic cycle voltage and 
anodising frequency, but it is almost independent of the duty cycle at +10 V and slightly 
increases at +20 V anodic cycle potential. 
 The total optical reflectance of the anodised surfaces depends on the anodic cycle voltage, 
frequency, and the duty cycle. In general, increasing the anodic cycle voltage and frequency 
leads to an increase in the total reflectance. 
 High frequency anodising of the samples with voltage amplitude of -2 V to +10 V is 
accompanied by pore branching and allows complete oxidation of Al in the regions below the 
embedded TiO2 particles. At the higher positive cycle voltage (+20 V), all of the embedded 
particles are disintegrated during the anodising. 
 Micro-hardness of the anodised surfaces increases with anodising frequency and duty cycle, 
and reduces with the anodic layer thickness. 
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List of Figure Captions 
Figure 1: Voltage profile used for high frequency pulse reverse pulse anodising (PRPA) of FSP Al-
TiO2 surface composites. 
Figure 2: Rate of the anodic film growth as a function of: (a) pulse frequency and (b) duty cycle.  
Figure 3: Cross section of anodic layer obtained at anodic cycle potential of + 10 V, 2 kHz, 50% 
duty cycle: SEM-BSE images showing (a) TiO2 particles incorporated into anodic layer, (b) 
difference in contrast within TiO2 particles, and bright field TEM images showing: (c) porous 
nature of the TiO2 particles in anodic layer and (d) anodic pore branching at TiO2 particle locations. 
Figure 4: Cross section of anodic layer obtained at anodic cycle potential of + 20 V, 2 kHz, 50% 
duty cycle: SEM-BSE images showing (a), (b) TiO2 particles incorporated into anodic layer with 
difference in contrast between TiO2 particles in Al substrate and anodic layer, and bright field TEM 
images showing: (c) porous nature of the TiO2 particles and pore branching in anodic layer and (d) 
porosity of TiO2 particles. 
Figure 5: Total and diffuse reflectance of the high frequency anodised surfaces as a function of the 
anodic layer thickness (T- Total reflectance, D – Diffuse reflectance). 
Figure 6: Optical reflectance of high frequency anodised FSP-treated samples as a function of the 
anodic cycle voltage (T- Total reflectance, D – Diffuse reflectance). 
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Figure 7: Optical reflectance of high frequency anodised FSP-treated samples as a function of the 
pulse frequency with: (a) +10 V and (b) +20 V as the anodic cycle potential. 
Figure 8: Hardness of high frequency anodised surfaces measured as a function of anodised layer 
thickness. 
Figure 9: Hardness of high frequency anodised surfaces measured as a function of: (a) duty cycle 
and (b) anodising frequency 
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Research Highlights 
 High frequency pulse reverse pulse anodising of friction stir processed Al-TiO2 surface 
composites was investigated. 
 Increasing pulse frequency and anodising potential resulted in higher growth rates and 
increased reflectance. 
 Change in pulse duty cycle during anodising showed a negligible effect on the growth rates. 
 High frequency anodising shows tortuous anodic pore branching and disintegration of 
incorporated TiO2 particles. 
 Hardness of anodised surfaces increases with pulse frequency and duty cycle and decreases 
with anodic layer thickness. 
